Vertical migration behavior is found in many harmful algal blooms; however, the corresponding impact on ocean optical properties has not been quantified. A near-monospecific population of the dinoflagellate Karenia brevis was encountered off the west coast of Florida.
Introduction
Blooms of the toxic red tide dinoflagellate Karenia brevis (formerly Gymnodinium breve and Ptychodiscus brevis) occur annually in the Gulf of Mexico ]. The intensity and spatial extent of the blooms vary year by year. These blooms are an important water quality parameter for the west coast of Florida as K. brevis cells produce brevetoxins [Steidinger et al., 1973; Carder and Steward, 1985; Riley et al., 1989; Pierce et al., 1990; Shumway et al., 1990] . These brevetoxins cause death in bird, fish, and marine mammals [Landsberg and Steidinger, 1998 ]. Additionally, brevetoxins once volatized into marine aerosols irritate human respiratory systems [Hemmert, 1975; Asai et al., 1982; Kirkpatrick et al., 2004] .
Management strategies for monitoring red tides primarily rely on the collection of discrete samples, thus have limited temporal and spatial resolution. Therefore much effort has focused on developing the ability to map harmful algal blooms using noninvasive optical and remotesensing approaches [Schofield et al., 1999] .
Modeling studies focused on inverting remote-sensing reflectance into the respective phytoplankton taxa shows promise [Carder and Steward, 1985; Mahoney, 2003; Roesler et al., 2006] . This is especially true for K. brevis because of its unique absorption properties [Millie et al., 1995 [Millie et al., , 1997 Lohrenz et al., 1999; Kirkpatrick et al., 2000] and low backscattering coefficients [Mahoney, 2003; Kerfoot et al., 2005; Cannizzaro, 2004] . The degree with which the K. brevis signal can be isolated will also be dependent on the presence of other optically active constituents such as colored dissolved organic matter (CDOM), nonalgal particles (usually dominated by detritus), and the position of K. brevis within the water column.
Many toxic dinoflagellates exhibit significant vertical migration which impacts both the autotrophic communities and the corresponding ecosystem. The environmental factors that influence the vertical migration in dinoflagellates are light [Eppley et al., 1968; Forward, 1970] , temperature [Kamykowski, 1981] , salinity [Kamykowski, 1981] , and nutrients [Holmes et al., 1967; Eppley et al., 1968; Kamykowski, 1981; Tyler and Seliger, 1981] . The physiological factors regulating the behavior are circadian rhythms [Forward and Davenport, 1970] , cell cycle phenomena [Kamykowski, 1995] , biochemical pools and synthesis rates [Cullen, 1985; Kamykowski and Yamazaki, 1997] . K. brevis exhibits a positive phototactic vertical migration [Heil, 1986; Steidinger, 1975] , and cells often concentrate (as great as 1 × 10 8 cells L −1
) at the air-sea interface. While studies on the underlying biology are advancing, studies documenting the impact of vertical migration of K. brevis on environmental optics are few. This is unfortunate as the net result of the vertical migration is that it will discolor the water and thus significantly impact remote-sensing approaches.
During a cruise in the Gulf of Mexico a population of K. brevis was encountered. Over a 24 hour period, we tracked the impact of the K. brevis vertical migration on the water column optical properties and remote-sensing reflectance. Our results illustrate the degree that the vertical migration and the optical constituents associated with K. brevis impact remote-sensing reflectance. The associated changes in the optical properties reflected the concentrated K. brevis population right at the ocean-atmosphere interface and the low concentration of nonalgal particles associated with the red tide population. to locate a population of K. brevis. The survey portion of the cruise consisted of discrete stations which were analyzed for the presence of K. brevis by microscopic cells counts on water samples.
Stations were chosen from real-time data provided by flow-through instruments attached to the ship's surface seawater intake system. The flow-through sensors included a Turner chlorophyll fluorometer and a colored dissolved organic matter (CDOM) absorption mapping system. The CDOM mapping system [Kirkpatrick et al., 2003 ] consisted of a liquid waveguide capillary cell (LWCC, World Precision Instruments, Inc.) coupled to a fiber-optic spectrometer (S2000, Ocean
Optics, Inc.) and a fiber-optic xenon flashlamp (PS-2, Ocean Optics, Inc.). Water was pumped by miniature peristaltic pump (P625, Instech Laboratories, Inc.) through size fractionation and cross-flow filters (MicroKros, Spectrum Laboratories, Inc.) and then through the LWCC for optical density spectra measurements. Details regarding the LWCC operation procedures can be found in work by Kirkpatrick et al. [2003] . The system was set up only to collect data from the ships water intake and therefore only data near the surface was collected. Changes in the data collected by the flow-through system resulted in the ship occupying a station and discrete samples were collected throughout the water column. Microscope analysis was then used to assess if K. brevis was present in the water column, and if no cells were observed then the ship continued its survey.
On 22 October a patch of K. brevis was located and a radio-telemetered Lagrangian drifter was deployed allowing bloom patch to be followed over the diel cycle. The near-surface drifter (Brightwaters Instruments Corp., model 104V) is similar to the Coastal Ocean Dynamics Experiment (CODE) drifter that has been used to track bloom patches. The drifter sails were set to span the depth range from 0.3 m to 1 m to couple the drifter to the near-surface layer of the water column and its entrained bloom population. The drifter broadcast its GPS position at regular intervals to the ship via VHF radio making it possible to relocate it without having to maintain constant visual contact. With this approach it was possible to track and sample the bloom patch for 24 hours as it was advected by surface currents. The patch remained in shallow water (<15 m) throughout the diel experiment.
During the diel cycle, physical and optical measurements were made hourly with a profiling instrument cage. Optical profiles consisted of a WET Labs Inc. absorption/attenuation meter (ac-9) and a Falmouth CTD. The ac-9 instrument was outfitted with the standard nine wavelengths (412, 440, 488, 510, 555, 630, 650, 676, 715 nm) . The ac-9 optical windows and flow cells were cleaned prior to each deployment. At each station, the instrument was lowered to depth and the instrument was allowed to equilibrate to ambient temperature before data were collected. Only data from the upcasts were utilized in order to ensure that air bubbles were flushed from the tubes. There were no significant differences in the upcasts or downcasts for depths greater than 1 m. The upcast data was cleaner than the downcast data in the upper meter of the water column. The water was drawn through the ac-9 with a SBE pump. Data were averaged into 0.25-m depth bins for all subsequent analyses. The instruments were factory calibrated prior to the field season. Manufacturer recommended protocols were used to track instrument calibration. Salinity and temperature corrections based on CTD were applied [Pegau et al., 1997] . Whenever possible daily clean water calibrations were conducted; however, sampling schedules did not always allow for a daily calibration. Under these circumstances the most recent water calibration was used. It should be noted that the maximum period without a calibration was two days. The drift during this study was negligible (<3%) and the accuracy of the ac-9 data was ±0.01 m at 443 and 550 nm which is used to estimate in situ pigment concentrations which can then be inverted to provide a spectral estimate of K using the empirical model derived by Morel [1988] .
At each station during the diel study, water was collected with Niskin bottles primarily from the surface. K. brevis cell numbers were determined microscopically. Aliquots were filtered, under low vacuum (<10 cm Hg), through GF/F (Whatman) glass fiber filters and were quick frozen in liquid nitrogen. Samples were stored at −80°C until later analysis. Filters were analyzed for photosynthetic and photoprotective pigments using high-performance liquid chromatography (HPLC) according to procedures of Wright et al. [1991] .
Inversion of in Situ Absorption Data
Binned absorption data collected by the ac-9 was inverted using the optical signature inversion (OSI) model [Schofield et al., 2004] , which estimates the optical concentration of phytoplankton, colored dissolved organic matter (CDOM), and nonalgal particles. The nonalgal particles are dominated by detritus. This is based on inverting the bulk ac-9 absorption using a series of curves that represent the major absorbing components in the water column (Table 1) .
Phytoplankton were represented by the mean signatures of high-light and low-light adapted phytoplankton from the three major phytoplankton taxa. The three signatures were for chlorophyll a-c, chlorophyll a-b and phycobilin containing phytoplankton [Johnsen et al., 1994 ].
While we might have customized the OSI to use K. brevis absorption exclusively we decided to use the more general OSI procedure using different phytoplankton taxa as diatoms and unidentified flagellates were present in the low-chlorophyll waters. It should be noted that these species were usually found in water where K. brevis numbers were low or not present at all. The CDOM and nonalgal particles were treated as a series of exponential curves [Kalle, 1966; Bricaud et al., 1981; Green and Blough, 1994] where both the optical weight and slopes were allowed to vary. The modeled total absorption represented the sum of the nonalgal, CDOM, and phytoplankton absorption (Table 1) . By varying the concentration weights as well as the CDOM and nonalgal particle slopes the difference between modeled and ac-9 measured total absorption spectrum was minimized as a function of wavelength. For this effort, we used an inversion method that included several constraints (Table 1 ). The constraints ensured that phytoplankton dominated the absorption in the red wavelengths and that the least dominant phytoplankton taxa present was not provided equal weight as the more dominant phytoplankton taxa present [Schofield et al., 2004] . The low presence of the green algae was confirmed with pigment and microscopic analysis. While some of these constraints are admittedly artificial they have been shown to increase the ability of the inversion method to more accurately describe the phytoplankton communities and improve estimates of CDOM and nonalgal particles. The errors of this method have been examined thoroughly [Schofield et al., 2004] . In this study the inverted phytoplankton absorption was calibrated against independent measurements of CDOM in surface waters and chlorophyll fluorescence in the water column. When the OSI method did not converge on a solution, the data were omitted from the later analysis (<7% of this data set). The stability of the OSI results was also tested by introducing random noise into the ac-9 spectra (±0.005 m −1 across all wavelengths) and there was no spectral bias and a quantitative impact was less then 2%.
Results

Field Setting ---INSERT FIGURE 2 ------INSERT FIGURE 3 ------INSERT FIGURE 4 ---
During the diel study the ship followed the Lagrangian drifter deployed within a patch of K. brevis. The water column was shallow (<13 m) and therefore we assume the surface current drifter provided a reasonable trace of the water mass. The salinity and temperature showed only minor salinity changes of 0.25 and less than one degree Celsius, respectively (Figure 2 ), during the 24 hour diel survey for the entire water column. Given it was a warm day (>25°C) the observed changes in temperature and salinity are roughly consistent with radiant heating and cooling. These changes were significantly less than observed variations between the diel stations and offshore locations several kilometers away (Figure 2 ). In these different water masses, K.
brevis cell numbers were much lower. Unfortunately the short duration of this cruise did not allow for extensive mesoscale mapping. Conditions were calm with no perceptible wind and it was generally cloud free during the daylight hours. With low winds there was no perceptible sediment resuspension. Unfortunately, a persistent marine haze resulted in no useful satellite imagery. Over the diel study, 25 stations were occupied during which bulk absorption increased by almost tenfold in the surface waters with maximum values encountered at 1600 local daylight time (LDT) (Figure 3a) . The enhanced bulk absorption peaked in the upper 3 m of the water column. Coincident with the increase in bulk absorption was a threefold increase in K. brevis cells (Figure 3b) . Chlorophyll a showed a similar diel pattern as the K. brevis cell counts and bulk absorption with a threefold increase in surface waters and peak values observed at 1600
LDT (Figure 4a ). During this period CDOM increased by ~22% over the 24 hours in the surface waters (note estimates of CDOM increase were similar using estimates from both the LWCC and the ac-9). Also while the cell number and absorption decreased in the early evening, the CDOM values remained high throughout the study (Figure 3b ). This increase was largely limited to the surface waters where K. brevis dominated the community indicating that the red tide was the likely source of CDOM. The majority of the chlorophyll a increase was associated with K. brevis cells as evidenced by significant linear correlations (p < 0.05, R 2 = 0.95) with the chemotaxanomic carotenoid pigment gyroxanthin diester (Figure 4b ) throughout the water column. This chemotaxonomic pigment was linearly correlated with K. brevis cell counts ( Figure   4c ) and the increased bulk absorption in the surface waters during the day.
The inverted optical products (phytoplankton, CDOM and nonalgal particles) showed similar patterns as the bulk properties ( Figure 5 ) and the derived optical weights are proportional to the concentration of the optically active constituents [Schofield et al., 2004] . Phytoplankton optical weights showed the vertical migration associated with K. brevis (Figure 5a ). There were significant correlations (p < 0.05) between the phytoplankton optical weight and gyroxanthin diester (Figure 6a) . Consistent with the surface CDOM measured with LWCC, the inverted ac-9 optical estimates of CDOM showed concentrations increasing during the 24 hours and the increase was not clearly associated the diel migration of K. brevis (Figure 5d ). There was a significant correlation (p < 0.05, R 2 = 0.53) between the CDOM absorption estimated by the ac-9 inversion and CDOM absorption measured with the LWCC (Figure 6b published slope values for marine systems Roesler et al., 1989] .
While the CDOM spectral slope showed no relationship with phytoplankton abundance, the detrital exponential slope showed an inverse relationship with K. brevis abundance (Figures   7c and 7d) . The optical inversion method constrains the nonalgal particle slope by assuming an upper limit of 0.01 and a lower limit of 0.005. This is admittedly artificial; regardless the low slope values indicate that the lowest nonalgal slopes are associated with the highest phytoplankton optical weights (Figure 7c ). Despite nonalgal particle slopes being low with high concentrations of K. brevis, the concentration of nonalgal particles associated with K. brevis was also low. The decline of nonalgal particles slopes to a lower limit of 0.005 reflects the lower nonalgal particle limit within the OSI [Schofield et al., 2004] .
Reflectance Associated With K. Brevis Blooms ---INSERT FIGURE 8 ------INSERT FIGURE 9 ---
The hyperspectral reflectance was impacted by the vertical migration of K. brevis ( Figure   8 ). The absolute magnitude of the reflectance increased reflecting increased particle backscatter in the surface waters when the K. brevis reached the surface (Figure 8a ). The relative spectral changes in reflectance were greatest in the green, red and infrared wavelengths of light ( Figure   8b ). Relative to 400 nm the green light reflectance decreased by 22% during diel migration of K.
brevis ( Figure 8c ). In contrast the relative amount of red and infrared wavelengths increased by 75% and 35%, respectively. Reflectance is regulated by the in situ backscattering and absorption
. The relative amount of backscattering to absorption in K. brevis is lower than waters containing little or no K. brevis ( Figure 9 ). This decreased backscatter efficiency was evident in the surface waters as K. brevis reached the surface during its diel migration (inset in Figure 9 ). This low backscatter efficiency of K. brevis limits the potential increase in reflectance especially at the wavelengths of maximal pigment absorption (Figure 8 ). Thus the largest changes in reflectance should be in the blue and green wavelengths of lights; however, the decreased absorption of nonalgal particles (an exponential absorption spectrum decreasing with increasing wavelength) associated with K. brevis ( Figure   7b ) minimizes the relative decrease in the blue wavelengths of light (Figure 8b ).
Discussion
Identifying and tracking harmful algal blooms (HABs) is a high priority given the detrimental impacts on coastal communities [Hallegraeff, 1993; Anderson et al., 1998 . Given this, efforts have largely focused on developing remote-sensing techniques that delineate the presence of HABs over ecologically and economically relevant spatial scales [Carder and Steward, 1985; Cullen, 1985; Tester and Steidinger, 1997; Stumpf, 2000; Cannizzaro, 2004; Tomlinson et al., 2004] . These efforts usually define HAB-specific optical properties or identify features that warrant further examination by ship [Schofield et al., 2006] . Many HAB species exhibit significant vertical migration, which allows them to thrive in oligotrophic environments by accessing nutrients at depth [Cullen and Horrigan, 1981] and/or avoiding photoinhibition in the near-surface waters [Walsby et al., 1997] . Many of the other major bloom forming algae in the coastal ocean do not exhibit vertical migration over diurnal timescales. This behavior offers a potentially alternative means to detect HABs; however, the limited revisit intervals of available satellites have not allowed this behavior to be identified using satellites in the past. The constellation of international ocean color satellites is expanding the available satellite imagery and now allows for the possibility of having multiple passes within a single day [Schofield et al., 2002; Glenn and Schofield, 2003] . This capability will improve in the coming years if the geostationary satellites are launched allowing diurnal processes to be monitored. Thus the diurnal temporal dynamics may be an effective means to detect K. brevis blooms.
"Red tide" historically refers to the color associated with surface slicks of HABs;
however, unraveling the factors that underlie the spectral properties is a complex reflecting the spectral properties of the water column and the physiology of the human eye (H. Diersen, personal communication, 2005) . This paper is focused only on the first part of the problem. In HAB populations, changes in the spectral properties reflect several factors including (1) increased absorption by photosynthetic pigments, (2) enhanced chlorophyll fluorescence, (3) changes in the relative composition of colored material associated with the HAB in the water column, and (4) enhanced scattering associated with an increase in particle concentrations at the air-sea interface especially in the near-infrared wavelengths. The importance of these mechanisms varies with wavelength.
There is enhanced red light and infrared reflectance associated with K. brevis. One potential source of the red light is chlorophyll a fluorescence. This surface K. brevis population exhibited strong fluorescence quenching (Figure 5c ) which is consistent with an active xanthophyll cycle known to be active within K. brevis [Evens et al., 2001] . During sunny days, such as encountered during this study, fluorescence quantum yields drop close to zero. Therefore the potential contribution of chlorophyll a fluorescence contributing to the red water leaving radiance is low. The second factor influencing the potential red light reflectance results from enhanced scattering associated with a concentrated surface layer of cells. The presence of enhanced backscatter in the surface waters effectively increases red light reflectance by minimizing the absorption of the red and infrared wavelengths of light by water. This process, sometimes referred to as the "Roesler effect," is best visualized at longer infrared wavelengths where pigment absorption is negligible. During this study, the presence of K. brevis in the surface resulted in a threefold increase in the relative reflectance at 750 nm consistent with the Roesler effect.
Changes in reflectance in the blue and green wavelengths of light are dominated by the absorption of light by phytoplankton, water, nonalgal particles, and CDOM. Pigments associated with surface populations of K. brevis decreases reflectance in the bluegreen wavelengths of light;
however, the impact on blue light reflectance (<425 nm) appears to be offset by lower absorption by nonalgal particles. This implies a decreased concentration of particles as total absorption is to first order regulated by the amount of particles present. The lower concentration of the nonalgal particles has two impacts on the optical properties in the water column. It has been suggested that compared to other phytoplankton blooms, K. brevis blooms exhibit lower backscattering compared to other phytoplankton [Cannizzaro, 2004 , Cannizaro et al., 2004 . The low backscattering efficiency associated with K. brevis has been related to its large size (20-40 μm)
and a low index of refraction (~1.05) [Mahoney, 2003] . The low backscatter efficiency may also reflect other constituents in the water column. The backscattering of light in the ocean is dominated by particles less than 1 μm [Morel and Ahn, 1991; Stramski and Kiefer, 1991] , and thus the low backscatter efficiency may also reflect a lower concentration of submicron particles [Ulloa et al., 1994; Twardowski et al., 2001; Cannizzaro, 2004] . The lower concentration of nonalgal particles may be due to the toxicity of K. brevis cells which may directly inhibit bacterial growth and/or alter the organic material available for heterotrophic consumption. If low nonalgal particles slopes are indicative of "fresh" nonoxidized detritus material, analogous to low CDOM slopes being indicative of fresh reduced CDOM [Mopper et al., 1991; Kouassi and Zika, 1992; Nelson et al., 1998 ], then some grazing appears to be present with the K. brevis population; however, given the low-concentration nonalgal particles we hypothesize that the overall grazing rates are low. Grazing rates appear to be low in K. brevis blooms [Shuman and Lorenzen, 1975] most likely because of brevetoxin produced by K. brevis [Turner and Tester, 1997] . The reduced detritus in turn would lead to a further decline in microbial populations consuming the detritus [Cannizzaro, 2004] . This sequence of events underlies the inverse relationship observed between nonalgal particles absorption and K. brevis (Figures 5 and 7) .
K. brevis, like many dinoflagellates, is relatively slow growing (2-4 times) compared to other bloom forming phytoplankton taxa ]. Despite this, K. brevis bloom annually in the Gulf of Mexico ] and it has been difficult to explain how K. brevis outcompetes faster growing phytoplankton. These mechanisms generally focus on either bottom up regulation driven by the availability of a specific nutrient source (accessing organic nutrient and/or migrating to deep nutrient pools Walsh and Steindinger, 2001] ) or top down regulation (reduced grazing [Turner and Tester, 1997; Kubanek et al., 2005] ). While these processes are not mutually exclusive, the optical signatures associated 
Equations and Constraints Used in the Inversion
Equations Equation (1) a(total) ac9 = w 1 · a phyto1 (λ) + w 2 · a phyto2 (λ) + w 3 · a phyto3 (λ) + w 4 · a cdom (λ, s) + w 5 · a nonalg alparticles (λ, r)
Equation ( The values of w 1 , w 2 , w 3 , w 4 , and w 5 are nonspectrally dependent scalar coefficients of input spectra. We used fixed absorption spectra (w 1 is chlorophyll a minus chlorophyll c algal absorption, w 2 is chlorophyll a minus chlorophyll b algal absorption, and w 3 is phycobilin algal absorption) measured on laboratory cultures in order to ensure that inversion was completely independent from any spectral curves encountered in the field. Estimates of CDOM and nonalgal particles optical weights were w 4 and w 5 , respectively, and were combined as a series of exponential slopes (s and r). The equations and constraints used by the inverter are listed below. A full description of the reasons and impacts of the constraints are discussed by Schofield et al. [2004] .
